Abstract-The influence of the heating rate of the Mg + 2B mixture on the dynamics of the phase formation during the thermal explosion in the helium medium is investigated by the time-resolved X-ray diffraction method. It is shown that the MgB 2 phase appears without the formation of intermediate compounds. The presence of impurity oxygen is a substantial factor affecting the formation kinetics of MgB 2 . The oxide film on the surface of magnesium particles has no time to form with the heating rate of the charge mixture of 150-200°C/min. A result of this circumstance is the reaction diffusion mechanism of the Mg + 2B = MgB 2 reaction immediately after the melting of magnesium. Synthesis products mainly consist of MgB 2 and MgO traces at a level of 5%. The thermal explosion temperature is 1100°C. A comparatively thick oxide film which retards melt spreading and shifts the onset of the formation reaction of MgB 2 by 8-9 s grows on the magnesium surface at a heating rate of 30-50°C/min. Synthesis products contain MgB 2 and up to 15% MgO. The thermal explosion temperature is 1020°C in this case.
INTRODUCTION
In view of constantly growing energy inputs, powerful transport energy lines are required. The transmission of large energy flows along a superconducting cable for distances of thousands of kilometers and the development of power systems with protection against overvoltage providing the safe and efficient power supply of city enterprises is a very topical problem.
The use of high-temperature superconductors (HTSCs) helps solve many problems [1] . First, the HTSC cables can transmit tenfold higher power compared with traditional copper cables with the same cross section of the cable channel. Second, the replacement of copper cables, using communications that are already present in the ground, will compensate the lack of power without additional high-cost ground works [2] . The application of superconductors makes it possible to increase the magnetic-field power in current generators and electric motors [3, 4] . Herewith, nanostructured ceramics based on magnesium diboride (MgB 2 ), which possesses the superconductivity effect, are promising for these applications in regards to the price-to-quality ratio [5] . The absence of phase transitions in this material, its relatively low cost, production simplicity compared with the metal oxide ceramics, and strength characteristics makes its use possible in a whole series of technical solutions [6] .
The development of efficient fabrication methods of MgB 2 -based ceramics is a very important problem [7] [8] [9] [10] [11] [12] [13] [14] . One such technology is self-propagating hightemperature synthesis (SHS), which makes it possible to produce various compounds without high-power inputs, is productive, and provides the chemical purity of final products due to the "self-purification" effect with removal of impurities in the combustion wave (which is especially important for magnesium diboride-based ceramics) [15, 16] . When synthesizing the MgB 2 powder, special attention is paid to the particle size and morphology, as well as to their chemical purity, since the densification, sinterability, and operational properties of the material depend on these characteristics. The investigation into processes occurring in the combustion wave during the SHS process has the character of fundamental research with generic results, which makes it possible to effectively control the structure formation providing the reproducibility of the chemical and phase compositions of synthesis products.
When synthesizing MgB 2 from elements according to the Mg + 2B = MgB 2 reaction in air, magnesium actively reacts with oxygen. The adiabatic combustion reaction temperature for the mixture 2Mg + O 2 = 2MgO is 3390 K, while enthalpy is 1203 kJ/mol. At the same time, it is very difficult to initiate the combustion in mixtures Mg + B in inert atmosphere, which is explained by the insufficient exothermicity of the boride formation reaction: the adiabatic combustion temperature is 1615 K and enthalpy is 112 kJ/mol.
One method to fabricate the materials from lowexothermic mixtures is bulk combustion in the thermal explosion mode [15] [16] [17] . It includes the preliminary heating of the briquette to the self-ignition temperature, at which the exothermic reaction occurs simultaneously over the entire sample bulk. To investigate the thermal explosion mechanism in the Mg + 2B mixture and determine the formation conditions of a single-phase product of the required chemical purity, we need the direct experimental data on the dynamics of structural-phase transformations. Such data can be found with the help of the method of dynamic X-ray diffraction [18, 19] .
This study was targeted at investigating the phase formation stages when synthesizing magnesium diboride in thermal explosion conditions with the help of dynamic X-ray diffraction.
EXPERIMENTAL
We used powders of magnesium of the MPF-3 grade (particle size of 50-100 μm) and black amorphous boron of the B-99A grade (1-5 μm) as the initial components. Reagents were mixed in molar ratio 1 : 2 (calculated for the formation of the MgB 2 compound) in a ball rotating mill (RBM) in inert atmosphere of Ar (1 atm) for 16 h applying steel milling bodies with the ratio of charge and balls weights of 1 : 8. Briquettes 13 × 13 × 8 mm in size were compacted from a mixture to the relative density of 0.65.
The dynamics of phase formation was investigated by time-resolved X-ray diffraction (TRXRD), which makes it possible to register the variation in the composition of products in real time [18, 19] . Its essence lies in the formation of the sequence of X-ray diffraction patterns with a minimal temporal exposure from the material during its heating. The sample was heated with the help of a built-in resistance furnace until it was self-ignited, after which the furnace was switched off. The investigation of the synthesis at all process stages including heating of the initial compact and finishing by product cooling was performed in situ. We used an installation based on a DRON-2 diffractometer with a standard X-ray tube with the power of 2.5 kW and a high-response single-coordinate detector with the exposure time of the unit X-ray diffraction pattern from 100 ms. Investigations were performed using monochromatized copper radiation (λ = 1.54178 Å); pyrolytic graphite was used as a monochromator. We used horizontal reflection recording in the BraggBrentano geometry.
The sample was placed into a hermetic chamber established on a goniometer and equipped with a resistance furnace. The collimated beam was directed to the sample surface in its central part under an angle of ~20°a nd illuminated a site with a section of 2 × 10 mm. The recording angular range was selected in limits of 30°-50° by the 2θ scale, which yielded the registration of diffraction lines of initial and forming phases. The exposure of unity X-ray diffraction pattern was 1 s, while their number in a series was 64. We recorded up to four series of X-ray diffraction patterns, which characterize the phase formation process during the entire synthesis process until the products were cooled.
The temperature was registered using a W-Re 5/20 thermocouple, which was in contact with the sample surface. Thermocouple signals were recorded through an ADC with a frequency of 250 Hz and synchronized with the onset instant of registration of the process diffraction pattern. To acquire statistically reliable data, we performed five experiments while varying the heating rate.
Investigations by the TRXRD method were performed in the helium medium under an excess pressure of 1.2 atm. The preliminary attempts to perform the experiments under the rarefaction of ~10 -2 mbar with continuous pumping failed, since the furnace heater broke at 450-500°C because of the interaction of magnesium, which possess high partial pressure, with the heater material.
The phase composition of synthesis products after cooling was determined by the X-ray diffraction analysis (XRD) [20] . Recording was performed in a stepby-step scanning mode using CuK α radiation in angle range 2θ = 10°-110° with the recording step of 0.1°a nd exposure of 3 s. The structure was analyzed using a Hitachi S-3400N scanning electron microscope.
The oxygen content in powder samplings was evaluated using a TC-436 gas analyzer produced by LECO using the reducing melting method according to GOST 27417-98 [21] .
RESULTS AND DISCUSSION
The microstructure of the Mg + 2B reaction mixture is presented by coarse rounded magnesium particles with an average size of 50-100 μm and highly dispersed agglomerated boron particles, which are "spread" on magnesium particles during mixing and envelope them (Fig. 1b) .
To verify the possibility of running the exothermic reaction in a mixture of boron powders with magnesium, we performed a trial sample synthesis in air in the layer-by-layer combustion mode. For this purpose, a cylindrical briquette 15 mm in diameter, 20 mm in height, and with relative density of 60% was compacted from their mixture. lished on a pedestal made of boron nitride and pressed from above with a tungsten coil, from which combustion was initiated. Visual inspection of the combusted sample showed that its central and peripheral parts have different phase compositions (Fig. 2) . The sample center is black and, according to the XPA data, contains 81% MgB 2 , 12% MgO, and 7% unreacted Mg; the sample periphery is light in color and contains MgO and Mg in amounts of 31 and 25%, respectively. Since the amorphous boron powder was used in experiments, no peaks attributed to boron were found.
Thus, the partial oxidation and incomplete combustion resulted in the phase and chemical inhomogeneity of synthesis products, which is inadmissible.
Lattice constants of the MgB 2 phase in the product are close to tabulated values (a = 3.0834 Å, c = 3.5213 Å) [6] . The authors of [22] studied the structure of a single-phase MgB 2 sample with the help of the high-resolution powder neutronography and showed the occurrence of the phase inhomogeneity. This fact means that MgB 2 phases with various Mg : B ratios are present in the limits of one sample, although the X-ray diffractometry in angle limit 2θ = 20°-100° and usual neutronography do not reveal such nonstoichiometry.
Taking into account the above, further experiments were performed in an inert atmosphere under rapid briquette heating in the thermal explosion mode. A typical diffraction pattern of the structure formation and heating process is presented in Fig. 3 . The sequence of X-ray diffraction patterns is depicted in the form of a two-dimensional field in angle-time coordinates, while the line intensity is proportional to the degree of the field darkness (or the color gamma). The synchronously recorded process thermogram is imposed on the general diffraction field. The sample heating rate from the reaction onset instant was v 1 50-200°C/min. Figure 4 shows separate cross sections which comprise the unity X-ray diffraction patterns with an exposure of 1 s recorded in the characteristic time instants. Counting is performed from the zero point, which is accepted to be the last frame before the onset of phase transformations. These data show that the formation of the MgB 2 product proceeds without the formation of intermediate phases. Diffraction lines of Mg gradu- ally weaken during heating and shift towards smaller angles, which is caused by the thermal expansion of the lattice. Lines of Mg drop to the background level in the thermal explosion instant, and lines of MgB 2 appear (Figs. 4c, 4d) . The interaction onset temperature from the results of five experiments varied in limits of 620-650°C, which approximately corresponds to the melting point of magnesium (t m = 650°C). The maximal thermal explosion temperature was about 1100°C. The analysis of the diffraction field in the thermal explosion instant showed that there is a time interval not exceeding 2 s when lines of Mg and MgB 2 occur simultaneously.
The magnesium diboride phase in the combustion wave is formed according to the known reaction diffusion mechanism-after melting and spreading the magnesium melt over the boron surface [8] . The kinetics of the thermal explosion in the case of magnesium is limited by the particle heating duration to the melting point and integrity destruction time of the MgO oxide film. The magnesium particle heating time to its melting is prolonged with an increase in the film thickness because of the noticeable difference in thermal conductivity coefficients of MgO and Mg (λ = 59 and 156 W/(m K), respectively), and the time leading up to film destruction is prolonged because of the difference in their thermal expansion coefficients (λ L = 10.4 × 10 -6 and 25 × 10 -6 K -1 ). Therefore, precisely the thickness of the oxide film, which is formed during the powder storage, its mixing with boron, and heating to the reaction onset determines the process kinetics. It is evident that the higher the heating rate of the Mg + 2B mixture in the presence of impurity oxygen is, the thinner the MgO film is and the weaker kinetic obstacles are. On the contrary, the film thickness rises during slow heating, which leads to an increase in the temporal delay of the onset of interaction of magnesium with boron.
The evaluative characteristic heating time of the magnesium particle is τ heat ~ r 2 /a, where r is the particle size and a is the thermal diffusivity. Time τ heat for particles 50 and 100 μm in size at a = 87.4 × 10 -2 cm 2 /s is ~3 × 10 -5 and 1 × 10 -4 s, respectively. In the case of an oxide particle (a = 18 × 10 -2 cm 2 /s) less than 100 μm in size, the calculation gives τ heat ~ 5 × 10 -4 s, which is fivefold larger when compared with the Mg particle.
The authors of [23] report that the oxide film thickness can be 0.5-1.0 μm. Our evaluations show that the oxide film increases τ heat of the magnesium particle; nevertheless, this time is three orders of magnitude smaller than the temporal resolution of our TRXRD procedure. Therefore, the simultaneous occurrence of two diffraction lines of Mg and MgB 2 is probably associated with the fact that coarse particles of initial magnesium, which exfoliated or detached from the common sample surface during the thermal explosion, could be present on the surface in the analyzed sample plane entering the investigation zone. This effect could be affected by small gas liberation and sample expansion during heating. Such microexfoliation resulted in a decrease in heat transfer from neighboring particles, which led to the prolongation of their occurrence time to complete melting.
The results of model and quenching experiments showed that the spreading of the formed melt with the formation of the reaction surface proceeds more rapidly than melting of coarsest magnesium particles is completed [24] . This fact explains the simultaneous occurrence of the Mg and MgB 2 spectra. The authors of [14] report that metal vapors formed during magnesium boiling (1090°C) promote its reaction with boron due to vapor infiltration through a developed surface of boron particles. The phase formation process is finished at approximately the third second. All three MgB 2 peaks (100), (101), and (002) shift towards smaller interplanar spacings (larger angles) upon the sample cooling (Figs. 4e, 4f) .
A weak MgO line is observed in the diffraction field after the thermal explosion. The presence of the oxide phase is quite naturally associated with the presence of oxygen in initial magnesium and boron powders. Indeed, 0.36-0.39 wt % oxygen is contained in the mixture prepared in the RBM according to the chemical analysis data. The XRD results showed that the synthesis products after cooling contained mainly single-phase magnesium diboride. However, up to 5% of the MgO phase is found on the surface of the combusted sample (Fig. 5a) . Mg (100) Mg (100) Mg (102) Mg (102) Mg (110) Mg (110) Mg (002) Mg (002) Mg (002) Mg (002) Mg (001) I, u. units I, u. units Figures 5b and 5c represent the fragmentaryshaped conglomerates of magnesium diboride 50-100 μm in size, which is commensurable with the dispersity of the initial magnesium powder. They in turn consist of finer grains 2-3 μm in size (inset to Fig. 5c) .
A decrease in the heating rate of the reaction mixture to ~30-50°C/min does not vary the process diffraction pattern in principle-the thermal explosion is caused by the formation of the MgB 2 phase (Fig. 6) . However, compared with the case where v = 150-200°C/min, a series of substantial distinction is observed.
First, line (200) of the MgO phase appears near 2θ = 43° during slow heating at t > 520°C (Fig. 7b) , which evidences the oxidation of the magnesium particle surfaces. A comparison of the temperature dependences of the variation in the Gibbs energy for the formation reactions of MgO and MgB 2 compounds (Fig. 8) showed that the first one is preferential. Therefore, magnesium interacts in the first turn with impurity oxygen, which is contained in initial reagents.
The second distinction of slow heating is associated with the appearance of a diffuse halo near diffraction lines of Mg in the range 2θ = 32°-38° (Fig. 7c) , which is accompanied by a decrease in intensity of Mg lines to the background level at t = 650°C. A similar phenomenon of the long-range order loss and appearance of the diffuse halo in the place of diffraction lines during the thermal explosion was observed in the NiAl system and evidences in favor of the liquid-phase formation mechanism of the product [25] . The violation of the long-range order of the crystalline structure of magnesium and its transfer into the melt occur for 8-9 s (Fig. 7d) . A noticeable shift in diffraction lines of magnesium with a simultaneous drop in their intensity is observed for this time. The thermogram for mentioned time interval substantially differs from the thermogram of the process with rapid mixture heating, when an abrupt temperature jump is observed (Fig. 9) . Mg (102) Mg (102) Mg (102) Mg (110) Mg (110) Mg (101) MgO (111) MgO (200) MgO (200) MgO (111) MgO (111) MgO (111) MgO (200) MgO (200) MgO ( Mg (101) Mg (101) Mg (101) Mg (100) Mg (100) Mg (100) Mg (102) Mg (110) Mg (002) Mg (002) Mg ( A gradual rise in t near the thermal explosion temperature is observed at v = 30-50°C/min, which is associated with sample self-heating due to oxidation of magnesium (Fig. 9b) . A similar result was noted in [25] , when the oxidation of zirconium was the cause of the primary self-heating of the sample made of the Ta-Zr-C charge.
Intense diffraction lines of MgB 2 (Figs. 7d, 7e ) appear at a temperature exceeding t m of magnesium (650°C). We can assume that the interaction Mg + B for 8-9 s preceding the thermal explosion is hampered due to the formation of a thick oxide film on the magnesium surface, which retards melt spreading. After the violation of its integrity, the melt spreads over the boron surface and a reaction diffusion with the formation of the MgB 2 phase is observed. The XPA results of the synthesis products after cooling showed that the synthesis products at a low heating rate of the charge consist preferentially of MgB 2 , but the magnesium oxide content reaches 10-15 wt %.
A comparison of the results found at various heating rates shows that the presence of impurity oxygen is an essential factor affecting the formation kinetics and mechanism of MgB 2 . The oxide film on the surface of magnesium particles, which prevents its interaction with boron, has no time to form at v = 150-200°C/min; due to this, the reaction Mg + 2B = MgB 2 starts in the instant of magnesium melting. Herewith, the selfignition temperature approximately corresponds to the melting point of magnesium of 650°C.
CONCLUSIONS
The oxidation reaction of magnesium is prevalent when performing the elemental synthesis in the layerby-layer combustion of the Mg + 2B mixture in air. The amount of oxide is threefold larger at the sample periphery than in its central part.
The influence of the heating rate of the mentioned mixture on the dynamics of the phase formation during the thermal explosion in the helium medium is investigated by the TRXRD method. It is shown that the MgB 2 phase appears with the formation of no intermediate products. Impurity oxygen is an essential factor affecting the process kinetics of the formation of magnesium diboride and, correspondingly, the thickness of the MgO film. The oxide film on the surface of magnesium particles has no time to grow noticeably at a heating rate of 150-200°C/min; due to this, the Mg + 2B = MgB 2 reaction proceeds according to the reaction diffusion mechanism immediately after magnesium melting. The synthesis products consist preferentially of MgB 2 and MgO traces (no larger than 5%). The thermal explosion temperature is 1100°C.
A film of thermally resistant MgO, which retard magnesium heating up to melting, has a time to grow on the surface of magnesium at a substantially lower heating rate (30-50°C/min); therefore, additional time is required to destruct its integrity. This results in a shift of the onset of the formation reaction of MgB 2 by 8-9 s. The synthesis products are MgB 2 and MgO (up to 15%) in this case. The thermal explosion temperature is no higher than 1020°C.
In summary, we can state that self-propagating high-temperature synthesis is promising to fabricate the powder product based on magnesium diboride. Herewith, the main factors affecting its formation mechanism are the presence of impurity oxygen and the heating rate of the powder mixture. Taking into account the low cost of materials based on magnesium diboride, simplicity, and short time of the synthesis process, we can expect that this material will find practical application as a superconductor.
